ABSTRACT: Aerobic exercise is known to influence brain function, e.g., enhancing executive function in both children and adults, with many of these influences being attributed to alterations in neurogenesis and neuronal function. Yet oligodendroglia in adult brains have also been reported to be highly responsive to exercise, including in the prefrontal cortex (PFC), a late myelinating region implicated in working memory. However, whether exercise affects oligodendroglia or myelination in juveniles, either in the PFC or in other brain regions, remains unknown. To address this, both juvenile and young adult mice were provided free access to running wheels for four weeks followed by an analysis of oligodendrocyte development and myelination in the PFC and the corpus callosum, a major white matter tract. Working memory and PFC NG21 cell development were both affected by exercise in juvenile mice, yet surprisingly these exercise-mediated effects were distinct in juveniles and young adults. In the PFC, NG21 cell proliferation was increased in exercising juveniles, but not young adults, whereas newly-born oligodendrocyte production was increased in exercising young adults, but not juveniles. Although no overall changes in myelin genes were found, elevated levels of Monocarboxylate Transporter 1, a glial lactate transporter important during active myelination, were found in the PFC of exercising young adults. Overall our findings reveal that long-term exercise modulates PFC glial development and does so differentially in juvenile and young adult mice, providing insight into the cellular responses that may underlie cognitive benefits to teenagers and young adults in response to exercise.
INTRODUCTION
Physical activity promotes a wide array of neurological changes, including the enhancement of learning, memory, and executive function in both children and adults (Papay et al., 2004; Voss et al., 2011) .
Many of these physical activity-related neurological changes have been primarily attributed to changes in neurons (van Praag, 2009 ). However, both human and rodent studies using diffusion tensor imaging have reported that training in physical skills, or physical activity itself, promotes increases in fractional anisotropy in white matter tracts in a number of regions, including the corpus callosum and the prefrontal cortex. While not conclusively so, changes in fractional anisotropy do indicate potential changes in the architecture of myelin, the lipiddense membrane that insulates axons and increases axonal conduction velocities (Bengtsson et al., 2005; Sampaio-Baptista et al., 2013; Scholz, et al., 2009; Voss et al., 2013) , A few investigations have begun to evaluate whether physical activity modulates oligodendrocytes (McKenzie et al., 2014; Simon et al., 2011) , the CNS cell that not only myelinates axons (Nave & Werner, 2014) but provides metabolic support critical to prevent neurodegeneration (Lee et al., 2012; Rinholm et al., 2011) . These studies indicate that physical activities (i.e., exercise and motor-skill training) can affect both oligodendrocyte precursor (OPC) proliferation (Mandyam, et al., 2007; Simon et al., 2011) and oligodendrocyte differentiation (McKenzie et al., 2014; Simon et al., 2011) . Although in some cases, it appears that motor skill learning may be the driver of oligodendrocyte changes, not the exercise per se . Despite recent advances, many questions regarding glial responses to exercise remain unaddressed. For instance, it is not yet understood whether the influence of physical activity on the oligodendroglial lineage differs by age or brain area, even though it is known that oligodendrocyte dynamics can vary extensively by region and by age (Simon et al., 2011; Young et al., 2013 ). An earlier study examining the effect of methamphetamine on cellular dynamics, which included exercise as a one of several modulating behaviors, had revealed that exercise could affect oligodendroglia in the prefrontal cortex (PFC; Mandyam et al., 2007) . The PFC is a late-developing region important for executive functions such as impulse control, decision making and working memory, in which myelination does not peak until after the juvenile/late teen years (Fuster, 2002) . As relatively minor changes in PFC myelin have been shown to cause substantial defects in cognition (Poggi et al., 2016) , exercise-mediated changes in PFC oligodendroglial dynamics, even if subtle, could potentially influence one or more of the multiple brain functions regulated by the PFC. Surprisingly, whether or not exercise affects oligodendrocyte lineage progression in the PFC remains poorly understood, and whether exercise may affect PFC oligodendrocyte development in juveniles remains entirely unknown.
In contrast, other types of experiences, such as social isolation and environmental enrichment, have been found to regulate PFC myelination Makinodan et al., 2012; Pusic & Kraig, 2014) . Social isolation has a negative effect on myelination in the PFC that, intriguingly, is age-dependent, as juvenile mice selectively display sensitivity to socialmediated effects on oligodendrocyte maturation and myelination (Makinodan et al., 2012) . However, whether physical activity differentially affects oligodendrocytes or myelin in juveniles remains unknown. In the current study, juvenile and young adult C57BL/6 mice engaged in voluntary exercise, then were assessed for performance in a task of working spatial memory, as well as NG21 glia, oligodendrocyte, and myelin development in selected brain regions, including the PFC. We found that performance in the working memory behavioral task and PFC glial development are affected by exercise in both juvenile and young adult mice, yet exercisemediated effects on glia were distinct in each age group. Exercise also led to elevated levels of oligodendroglial lactate transporters, suggesting a potential mechanism in which exercise leads to improved oligodendroglial metabolism. Overall, our findings reveal new insights into the cellular and molecular underpinnings by which physical activity can regulate ongoing glial development.
MATERIALS AND METHODS

Mice
The experiments were approved by the local animal use and care committee. Female C57BL/6 juvenile and adult mice (4 and 8 weeks old at the start of experiment, respectively; Charles River Lab) were group-housed (2 per cage) in standard plastic cages or similar cages with running wheels (17 cm in diameter). Food and water were available ad libitum. Wheel revolutions were tracked by a custom computer system, with data grouped into bins of daily wheel usage. The room was on a shifted 12-h light-dark cycle (light-on at 4:00 a.m.). Some cages were placed under an infra-red lamp, for use in video recording during dark periods. For immunohistochemical experiments, some mice received 5 0 Ethynl-DeoxyUridine (EdU; Sigma) in the drinking water (0.2 mg/ml supplemented with 1% sucrose) for 20 h/day for one week prior to the four-week period of sedentary or voluntary exercise. Mice were analyzed four weeks later by immunolabeling floating cryosections with anti-APC/CC1 clone 1 and anti-NG2 followed by histochemistry utilizing a Click-iT EdU AlexaFluor-555 imaging kit (Molecular Probes).
Histology
Mice were perfused with 2% paraformaldehyde (PFA) in 0.1M PBS, for 30 min, extracted and cryoprotected for 1-2 days in 30% sucrose (in PBS). Brains were then embedded in optical cutting temperature (OCT) medium, then flash frozen in a mixture of dry ice and 2-methylbutane. Brain sections (40 mm) were cut and placed into a custom cryoprotectant medium (30% ethylene glycol, 30% glycerol, 10% 0.2M PBS by volume in distilled water) and placed in 2208C for storage. Sections were manipulated by glass pipette, blocked with 5% donkey serum and 0.5% Triton X-100 in a 0.1M PBS solution, then incubated with primary antibodies in blocking solution overnight at 48C. Secondary antibodies were incubated for 45 min at room temperature.
TUNEL
To assess apoptotic cell death, a terminal deoxynucleotidyl transferase mediated dUTP nick end labeling (TUNEL) kit was used on tissue sections according to manufacturer's instructions (Roche, In situ cell death detection kit, Fluorescein; Catalog# 11-684-795-910).
Image Acquisition
Images were collected using Leica SP5 and SP8 laserscanning confocal microscopes. Tiled z-stack images of 5 mm optical slices were obtained using a 633 objective. Tiled images were then analyzed using ImageJ software. For cell counting analysis, tiled zstacks of the region of interest (Prefrontal Cortex or Corpus Callosum), were analyzed and cells of interest were marked using the Cell Counter plug-in from ImageJ in each optical slice/image within the stack.
Colocalization Analysis
For the colocalization analysis, confocal microscope max projected images of immunostained cryosections were opened in ImageJ, where regions of interest were outlined (i.e., the PFC) and used for the assessment. Two channels from the image were subjected to minimal background subtraction, then analyzed by "Colocalization Threshold" plug-in. The thresholds for each channel were calculated and the pixels below this value were not used for cololcalization quantification. The generated Pearson's correlation coefficient, which accounted for the number and intensity of pixels colocalizing between the two channels that were above their respective threshold, was analyzed for PDGFRa channels with MCT1 immunoreactivity.
Western Blotting
Using a tissue chopper, brain sections (300 lm) were cut from freshly sacrificed mice and areas of interest were dissected and frozen in liquid nitrogen then at 2808C for storage. The tissues were pulverized and lysed in 1% SDS, 20 mM Tris, pH 7.4, with protease and phosphatase inhibitor mixtures (Calbiochem) for 10 min at 958C. After a 15 min centrifugation, the resulting supernatant was collected and a buffer for solubilizing with 2% b-mercaptoethanol was added to lysates and incubated at 958C for 5 min. Using an SDS-PAGE 15% gel, proteins were separated and transferred to a 0.45 lm nitrocellulose membrane. Tris-buffered saline with 0.1% Tween 20 (TBS-T) containing 4% BSA was used to block membranes for 1 h and was followed by a primary antibody incubation overnight in blocking buffer at 48C. Membranes were then washed in TBS-T then incubated with dye-conjugated antibodies diluted at 1:10,000 or 1:15,000 in blocking buffer, washed, then visualized using LICOR Odyssey Classic. Alternatively, membranes incubated with anti-MBP (1:1000) or anti-MOG (1:1000) primary antibodies followed similar procedures using biotin-conjugated secondary antibodies diluted at 1:10,000 in blocking buffer followed by dye-conjugated strepavidin at 1:15,000. The relative protein levels were assessed through the Odyssey Infrared Imaging System (version 3.0) analysis program, and were standardized to loading control protein, b-actin.
Quantitative RT-PCR
Using a tissue chopper, brain sections (300 micron) were cut from freshly sacrificed mice and sections of interest were dissected and placed into RNA-Later (Qiagen) and stored at 2808C. RNA was isolated with Qiazol and the RNAeasy Kit (Qiagen) and DNase was used to remove DNA contamination. The cDNA was synthesized using the ProtoScript First Strand kit (New England Biolabs). qRT-PCR was run on a StepOne Plus system (Applied Biosystems) in a 20 ll reaction mixture using SYBR Green Fast PCR master mix. Parameters for cycling temperature were 3 s at 958C and 30 s at 608C, with data normalized to GAPDH (see Supporting Information Table S1 for primer sequences).
T-Maze Delayed Alternation Task
The delayed alternation task (DAT) was conducted using a T-maze that was divided into the right and left arms and the stem area. At the end of each arm, was a trough with a food reward (1/8 th of a cheerio). Prior to pre-training and habituation, mice were modestly deprived of food, prior to study onset, reducing body weight to 85% of ad libitum weight. While not actively engaged in habituation and subsequent phases, mice resided in group housing (2 per cage) with both sedentary and exercise groups in standard plastic cages, that is, without running wheels. In the habituation phase, mice were placed in the T-maze individually, for three, 3-min adaptation sessions. Each mouse was allowed to explore and acclimate to the maze, while being given food rewards for navigating to opposing arms. Mice then immediately undertook the Learning Phase (one session of 10 trials per day; cutoff time 3 min per trial). In the first trial, the mouse was forced to choose one of the arms (through the blocking of an arm using an insert) and received the reward at the end of the only available arm. On the second trial, the mouse was immediately placed back in the box (with insert removed) and allowed to choose. If the correct arm was chosen the mouse was allowed to consume the reward, but if the incorrect arm was chosen then no reward was received. During the delay trials, the protocol was similar with the exception of the mouse given a time delay of 10, 30, or 60 s. During these short delay periods, the mouse resided in the open palm of the researcher, which served as a neutral habituated environment. The location of the correct arm for the second trial, was chosen pseudo-randomly prioritizing giving an equal number of correct trials in the separate arms as well as avoiding multiples of 4 repeating correct arm positions. Time for choice and number of correct choices made were noted.
Statistics
Graphical data are expressed as mean 6 SEM. Unless otherwise indicated (e.g., when using two-way ANOVA), statistical analysis was performed using Student's t tests (two-tailed) in Microsoft Excel. P values of <0.05 were determined to be statistically significant.
RESULTS
To examine the effects of physical activity on oligodendroglia in either the juvenile or young adult PFC, we used a four-week voluntary exercise paradigm with group housed female mice (Fig. 1A) . This allowed for an adequate time window to see changes in both proliferation and differentiation, as the adult cortical OPC cell cycle is approximately 36 days (Young et al., 2013) . Female mice were group housed (2 per cage), to prevent social isolation from negatively impacting myelination Young et al., 2013) , with females being more amenable to group housing. By tracking wheel rotations, we observed robust activity (i.e., distance travelled) that steadily progressed during the exercise period for both juveniles and young adults (Supporting Information Fig. S1A) , with juveniles running slightly shorter distances, likely due to their smaller size. We monitored the behavior of the group-housed mice from video recordings and found that mice share the wheel (i.e., one mouse does not dominate wheel time), and even frequently run comfortably in tandem (not shown). The sedentary and exercising juvenile and young adult mice (5 or 8 weeks of age at exercise onset, respectively), were trained and assessed using the DAT (see Section 2; Fig. 1A,B) , which is a PFC-dependent working memory task that relies on extending delay times between trials to increase the cognitive demand required for task completion (Rossi et al., 2012) . By introducing a delay between two actions (the first arm exploration in the forced choice trial and the second within the subsequent free choice trial), the mouse must rely on a memory of the first action, to perform the next trial correctly. Performance in the alternating T-maze with such a delay between the forced choice and the free choice has been shown to be PFC-dependent (Rossi et al., 2012) . During the Learning Phase of the trials (i.e, the training period with no delay between forced choice and free choice trails), exercising juvenile mice (n 5 8) outperformed sedentary juvenile mice (n 5 7) such that the exercising juvenile-to-young adult cohort exhibited a higher percentage of correct choices ( Fig. 1B, left ; p 5 0.049). However, there were no significant differences found between the young adult-to-adult sedentary and exercising groups on any day of the Learning Phase (Fig. 1B, right ; p 5 0.319), perhaps because this age group already underwent successful learning. Conversely, although there were no significant differences between the juvenile-to-young adult cohorts in the Delay Phase, the exercising juvenile-to-young adult cohort had more correct responses during the 10-s delay that trended closer to significance ( Fig. 1C, left ; p 5 0.162). However, juvenile-to-young adult mice, in both sedentary and exercising cohorts, did poorly on the 60-s delay, that is, below baseline (not shown), In contrast, the exercising young adult-to-adult group made a significantly greater number of correct choices than their sedentary cohorts during the 30-s portion of the Delay Phase ( Fig. 1C, right ; p 5 0.049).
To investigate whether oligodendroglial dynamics were altered by conditions that led to changes in working memory, we assessed the brains of mice that were exposed to 5-ethynl-2 0 -deoxyuridine (EdU) through drinking water administration for a week prior to the 4-week exercise paradigm ( Fig. 2A) . Using immunohistochemistry, EdU-labeling (Fig. 2B ) allowed us to assess both newborn oligodendroglia (CC11 oligodendrocytes co-labeled with EdU) and OPCs that remained as OPCs (NG21 cells co-labeled with EdU) 1 cells and newborn oligodendrocytes (CC1 1 ). White line denotes PFC region in which cells were evaluated. Inlays show EdU 1 NG21 and EdU 1 CC11 cells at higher magnification. Scale bars represent 225 mm (overview) and 10 mm (inlays). (C) An analysis of the corpus callosum, in both the J-to-YA cohort (n 5 5) and the YA-to-A cohort (n 5 8) revealed an increase in newly-born EdU 1 CC11 oligodendrocytes following exercise. (D) In the prefrontal cortex, exercise had no effect on newly-born EdU 1 CC11 oligodendrocytes in the J-to-YA cohort (n 5 6, 7); however exercise significantly increased the numbers of newly-born EdU 1 CC11 oligodendrocytes in the YA-to-A cohort (n 5 5; *p < .05). (E) The fraction of newborn oligodendrocytes out of the total pool of EdU-labeled NG21 cells and EdU-labeled CC11 oligodendrocytes was significantly increased in the exercising the YA-to-A cohort but not in the exercising J-to-YA cohort (n 5 6, 7; *p < 0.05). Data are represented as mean 6 SEM. [Color figure can be viewed at wileyonlinelibrary.com] during the 4-week study period in different brain regions (the prefrontal cortex and corpus callosum, as indicated in Supporting Information Fig. S1B ). We first evaluated the two brain regions at study onset, that is, following a week of EdU labeling but prior to the running period (Supporting Information Fig. S2A) . At study onset, we found that the large majority of the EdU-labeled oligodendroglia in the prefrontal cortex were NG21 OPCs (96.2% in juveniles and 97.8% in young adults; Supporting Information Fig. S2B ). However, in the corpus callosum, which has a faster turnover of OPCs (Young et al., 2013) , approximately 60% (juvenile) and 78% (young adult) of cells were NG2 1 EdU1 at study onset (Supporting Information  Fig. S2B ), indicative of OPC differentiation into oligodendrocytes during the week-long labeling period. After the 4-week exercise period, however, there was a substantial increase in the density of CC1 (Fig. 2C) . Within the PFC, overall densities of newborn oligodendrocytes were comparable in exercising juvenile-to-young adult cohort and sedentary agematched mice (9.1 6 1.5 cells/mm 2 vs. 10.8 6 2.1 cells/mm 2 ), but there was a significant increase in the density of newborn oligodendrocytes in exercising young adult-to-adult cohort (6.54 6 1.3 cells/mm 2 vs. 2.9 6 1.3 cells/mm 2 ) compared to sedentary controls (Fig. 2D) . As oligodendrocyte densities are substantially lower in the PFC, we also determined the fraction of EdU1 oligodendrocyte lineage cells that were CC11 mature oligodendrocytes (Fig. 2E) . This analysis revealed a significant increase in the fraction of EdUlabeled oligodendroglia that were CC11 (p 5 0.026) in exercising young adult-to-adult cohort mice, but not in exercising juvenile-to-young adult cohort mice. Together these data indicate that exercise likely leads to enhanced differentiation of oligodendrocytes in the PFC, however this effect is age-dependent and does not occur in the juvenile-to-young adult period. In contrast, exercise leads to enhanced differentiation of oligodendrocytes in the corpus callosum of both juvenile-toyoung adult and young adult-to-adult cohorts.
As exercise has been observed to stimulate OPC proliferation in adult rats (Mandyam et al., 2007) , we also assessed the proliferative capacity of OPCs (NG21 Ki671) in both the corpus callosum and PFC of juvenile-to-young adult and young adult-to-adult cohorts at the end of the 4 week exercise regime (Fig.  3A,B) . We found that the density of proliferating OPCs was increased by almost two-fold in the corpus callosum of the exercising juvenile-to-young adult cohort ( Fig. 3C ; 20.47 6 3.88 cells/mm 2 ) relative to that in the sedentary juvenile-to-young adult cohort (10.44 6 0.31 cells/mm 2 ). Higher NG2 1 Ki671 cell densities were also found in the PFC of the exercising juvenile-to-young adult cohort ( Fig. 3D; 1 .71 6 0.234 cells/mm 2 ) compared to those in the PFC of the sedentary juvenile-to-young adult cohort (0.95 6 0.30 cells/ mm 2 ). However, in the exercising young adult-to-adult cohort prefrontal cortex and corpus callosum there were no significant differences in NG2 1 Ki671 cell densities (PFC, p 5 0.936, Fig. 3D ; corpus callosum, p 5 0.6184; Fig. 3C ). Despite the changes in NG21 cell proliferation in the exercising juvenile-to-young adult cohort, and the increased production of newborn oligodendrocytes in the exercising young adult-toadult cohort, no significant changes in the overall density of NG21 cells or oligodendrocytes (CC11) were detected in either juvenile-to-young adult or young adult-to-adult cohorts post-exercise, in both PFC and corpus callosum (Supporting Information Fig. S3 ). Potential change in cell death were assessed using TUNEL, which was performed at the end of a 4-week running or sedentary period (in both juvenile-to-young adult and young adult-to-adult cohorts). In both age cohorts, no significant differences in TUNEL1 cells between exercising and sedentary groups were observed, both in the PFC and CC (Supporting Information Fig. S4B,C) . In fact there were very small numbers of apoptotic cells (between 2 and 4 per mm 2 ) detected at the end of the running or sedentary period in both age groups and in both brain regions. We cannot rule out potential changes in cell death at earlier time stages that may have played a role in cell density outcomes, such as those driven by feedback mechanisms triggered by cell density and axon contact to maintain density homeostasis (Hernandez et al., 2016) , Overall, however, the increased production and/or turnover of oligodendrocytes stimulated by exercise does not appear to lead to gross regional changes in oligodendrocyte densities (at least during the time frame of 4 weeks).
Given the significant changes of oligodendrocyte dynamics in response to exercise, we next investigated the potential of exercise to alter PFC myelin following the 4-week exercise regime (Fig. 4A) . Immunoreactivity for MOG, a myelin glycoprotein found in the late stages oligodendrocyte development, showed no obvious differences in the PFC when comparing sedentary and exercising groups (Fig. 4B) . Western blot analyses of PFC protein lysates also showed no significant difference in the relative levels of MOG in exercising versus sedentary juvenile-to-young adult cohorts ( Fig. 4C ; n 5 7; p 5 0.45) or in exercising versus sedentary young adult-to-adult cohorts (n 6; p 5 0.17), with similar results found for myelin protein, MBP (Fig.  4C) , and for myelin proteins in the corpus callosum ( Supplementary Fig. S5B ). We also investigated myelin gene expression and oligodendrocyte maturation related transcripts in the PFC and corpus callosum of exercising mice using qRT-PCR analysis (Fig. 3E and Supporting Information Fig. S5C, respectively) , in which we found no significant alterations of transcript levels of myelin components, MBP and MOG, or of Enpp6 and ITPR2, both of which are enriched in newly-born oligodendrocyte populations known to be responsive to novel motor learning (Marques et al., 2016; Xiao et al., 2016) .
As exercise and oligodendrocyte function are both intimately tied with metabolism, we also investigated ) significantly increased in response to exercise during the J-to-YA period in the prefrontal cortex (n 5 5) and corpus callosum (n 5 6, 7), but not during the YA-to-A period (*p < 0.05). Data are represented as mean 6 SEM. Scale bar, 50 lm. [Color figure can be viewed at wileyonlinelibrary.com] metabolism-related genes reported to be modulated by exercise also known to affect oligodendroglial function. One such gene, Monocarboxylate transporter 1 (MCT1), which shuttles lactate in and out of cells, is known to be modulated by exercise, and is highly enriched in oligodendrocytes where it is critical for lactate efflux into axons and to prevent axonal dysfunction and degeneration (Funfschilling et al., 2012; Lee et al., 2012) . A qRT-PCR analysis revealed that exercising young adult-to-adult cohorts, but not exercising juvenile-to-young adult cohorts (Fig. 5A) , had an almost two-fold increase in MCT1 Figure 5 Exercise leads to increased levels of MCT1 in the prefrontal cortex. (A) Timeline of exercise regime and analysis in juvenile-to-young adult (J-to-YA) and young adult-to-adult (YA-to-A) groups. (B) qRT-PCR was used to evaluate mRNA transcripts of genes reported to be involved in exercise-dependent effects on brain cell development. Monocarboxylate Transporter 1 (MCT1), an oligodendrocyte lactate transporter, was significantly increased in the prefrontal cortex after exercise in the YA-to-A period, but not in the J-to-YA period. (C) Immunohistochemistry was used to assess MCT1 protein in conjunction with oligodendrocyte lineage specific proteins, CNP and PDGFRa, in coronal sections from the prefrontal cortex. Extensive MCT1 immunoreactivity was found in oligodendroglial processes. (D) Analyses of confocal images as in (C) revealed a significantly higher colocalization of PDGFRa and MCT1 immunoreactivity in exercising adult mice compared to sedentary adult mice (Two matched fields from each mouse, 4 mice per condition, *p < 0.05). Data are represented as mean 6 SEM. Scale bar, 10 lm. [Color figure can be viewed at wileyonlinelibrary.com] transcript levels at the end of 4 weeks (p 5 0.039; n 5 5; Fig. 5B ). In contrast there was no increase in MCT1 levels in the corpus callosum in both adult and juvenile mice (Supporting Information Fig. S6 ). Interestingly, there was a significantly increased colocalization observed between immunoreactivity for PDGFRa and MCT1 in the PFC of adult exercising mice compared to sedentary counterparts (Pearson's correlation coefficient R; 5.2-fold difference; p 5 0.047; n 5 5, 4). However, a similar colocalization analysis comparing either CNP or MBP to MCT1 revealed no significant change in the degree of co-localization in response to exercise (not shown). In addition, other metabolism-related genes (i.e. IGF1, IGFR, GluT1), all known to play a role in oligodendrocyte related maturation as well as be exercise-responsive, showed no significant alterations in these brain regions.
DISCUSSION
Previous studies have suggested that white matter, and indeed oligodendrocytes themselves, may be modulated by behavior, including physical activity (Bengtsson et al., 2005; Kramer, Erickson, Colcombe, Arthur, & Exercise, 2006; Scholz et al., 2009) . However, although normal developmental properties (e.g., cell cycle time) can vary based on region and age (Young et al., 2013) , it remains unknown whether regional and age-dependent variations exist for oligodendroglial responsiveness to exercise. We now provide evidence that long term exercise modulates oligodendrocyte lineage development differentially in cortical (i.e., PFC) and white matter regions (i.e., corpus callosum) in an agedependent manner. We also provided evidence that exercise enhances performance on PFC-related memory tasks. Lastly, while overall changes in myelin were not detected at the protein or transcript level, there was an increase in the lactate transporter MCT1 in mice that exercised over the young adult-to-adult period in the PFC, which has implications for oligodendroglial-related metabolic regulation (Lee et al., 2012b) .
Behavioral assessments using delayed alternation task (DAT) indicated that exercise influences goaldirected spatial memory. Importantly, the changes in DAT imply PFC involvement, as dysfunction or damage in the PFC can lead to major decreases in DAT performance (Rossi et al., 2012) . In adults, exercise did not lead to significant differences throughout the DAT learning phase, which could be due to ceiling effects with peak cognitive performance which has been theorized in other studies (Voss et al., 2011) , or simply involve the reported substandard performance of C57BL/6J mice on T-maze acquisition phases compared to other strains (Moy et al., 2007) . Of particular interest, however, is the enhanced performance on the delay portion of the DAT task observed in mice that exercised over the young adult-to-adult period, as this finding supports human studies that suggest an increased PFC volume mediates the association between higher aerobic fitness and improved executive function (Weinstein et al., 2012) . On the other hand, exercise across the juvenile-to-young adult period did not improve performance in the delay portion of the DAT. This raises interesting questions about the juvenile PFC and how the precise cellular changes observed do, or do not, translate into changes in PFC function. In our case, enhanced performance on the delay portion of the DAT correlated with an increase in newly-formed oligodendrocytes in the PFC. Intriguingly, newly-born oligodendrocytes have been definitely linked to improved performance on learning tasks involving motor skills (McKenzie et al., 2014) , suggesting a common theme in which new oligodendrocytes have important roles in learning that are not dependent upon changes in myelin levels.
In both young adult and juvenile mice, aerobic exercise over a period of 4 weeks led to marked increases in newborn oligodendrocytes in the corpus callosum, yet in the PFC, exercise led to increases newly-born oligodendrocytes in the young adult-toadult cohort but not in the juvenile-to-young adult cohort. With OPC proliferation however, exercise only increased proliferation during the juvenile-toyoung adult period, not in the young adult-to-adult period, and occurred both in the corpus callosum and PFC. These differential oligodendroglial responses to exercise may reflect an underlying age-and regionaldependent cellular competency. Previous investigations have shown that intrinsic differences in OPCs exist, at least in the adult brain. For example, compared to white matter OPCs, gray matter OPCs are known to differentiate less efficiently, both in their "home" environment of the gray matter as well as when transplanted into white matter (Vigano, Mobius, Gotz, & Dimou, 2013) . In addition, as mice age, OPCs are known to exhibit increases in cell cycle time (Young et al., 2013) . A number of plausible molecular mechanisms, both intrinsic and extrinsic, may act to drive age-based oligodendrocyte lineage responses to exercise (Tomlinson, Leiton, & Colognato, 2015) . For instance, changing responses to growth factors may play a role in age-dependent responses to exercise, as postnatal OPCs have differential age-dependent proliferative responsiveness to PDGF (Hill et al., 2013) . Altered neuronal activity in exercising mice is a likely contributing factor as neural activity similar to that generated by walking has been found to increase OPC proliferation, oligodendrocyte differentiation, and myelination within selected circuits (Gibson et al., 2014 ). An important question for future studies will therefore be to determine if exercise alters neuronal activity differently in juvenile mice relative to responses in adult mice. For instance, neural activity driven LIF release is known to promote myelination (Ishibashi et al., 2006) , and it would be interesting to learn whether the extent to which activity-dependent LIF production exhibits an age-dependency. Furthermore, histone deacetylation, which is required for oligodendrocyte differentiation, can be driven by neural activity but can also be is suppressed by social isolation, which impedes developmental myelination in the PFC . In social isolation, a key age-dependent growth factor response has already been identified, in which social isolation leads to decreased neuregulin signaling only during a critical window of brain development in early adulthood (Makinodan, Rosen, Ito, & Corfas, 2012) .
While we do not yet know what the precise molecular links between exercise and NG21 cell responses are, we did find a correlation between exercise and increased levels of MCT1 gene transcripts that were age-and region-specific. Oligodendroglial MCT1 is a lactate transporter and thus provides an entry point for lactate conversion into ATP or lipids for myelin, as well as provides metabolic support for axons (Rinholm et al., 2011) . In our 4-week exercise paradigm it appears as though exercise did not lead to robust changes in myelin levels, suggesting that increased MCT1 does not drive a substantial enhancement of myelin production, at least in the time frame of the study. Nonetheless, MCT1 may be contributing to the maintenance of the active myelination program in mature oligodendrocytes, as it has been shown that reduced expression of MCT1 in heterozygous mutants inhibits the continual maintenance of myelinated axons (Lee et al., 2012) possibly under the control of MyRF which is integral to the regulation of the myelination maintenance program (Koenning et al., 2012) . Future experiments can assess the contribution of these different effectors in generating or enhancing the effect of an exercise regime on oligodendrocyte development.
One potential caveat with the current study is that it only provides a snapshot into a selected range of ages. We classified our 8-week-old mice as young adults, yet, due to the extended developmental window for the PFC, which has been suggested to not be fully myelinated until third decade in life in humans (Khan & Hillman, 2014) , the PFC will likely not have reached its full adult status by 8 weeks, as studies with similar ages focused on social isolation studies did not use molecular studies to analyze adult PFC myelination until 9 weeks of age (Makinodan et al., 2012) . Thus, later time points for an exercise intervention may be needed to reveal the complete picture of age-dependent changes in the PFC. A second caveat to our findings regarding age-dependency of exercise effects is the different cumulative distances, i.e., wheel revolutions, run by juvenile and young adult mice as they progress through the 4-week exercise regimen. Despite this, mice at both ages spend relatively similar times on the running wheel, with the larger size and strength of the adult mice likely being able to propel the wheel more effectively, leading the adult mice to accumulate greater "distances" as measured by wheel revolutions (see Supporting Information Fig. S1A ). Nonetheless, we cannot rule out altered responses that are the result of these increases in wheel revolutions.
One challenge for future investigations is to understand how increases in NG21 cell proliferation (across the juvenile-to-young adult period), do not lead to significantly higher numbers of oligodendrocytes or an accompanying increase in myelin protein. One possibility is that the younger NG21 population has a greater fraction of polydendrocytes, and are therefore capable of differentiating into other glial cell types instead of differentiating into myelinating oligodendrocytes (Nishiyama et al., 2009) . A second consideration is that less than 1% of NG21 glia have been reported to differentiate per day under baseline conditions, with approximately 96% remaining stable (Hughes et al., 2013) . Thus with such a small pipeline of NG21 cells differentiating, it may be that changes induced by exercise in healthy brains are not sufficient to result in a robust change in newborn oligodendrocytes in the time frame of the study. Overall the distinct responses to exercise at different phases of postnatal brain development point to needed new research in order to better understand exercise's influence on brain function, and, how NG21 cells and oligodendrocytes, and/or the surrounding brain environment, may change during brain maturation to enable this differential responses to exercise.
